This study investgeted the effect of temperature, pH and vegetation on removal efficiency of zinc from mine water in aerobic constracted wetland mesocosm. During two month operation,the removal efficiency of zinc was sharply decreased from 92% to 52% in unvegetated wetland mesocosm and from 95% to 39% in vegetated, respectively. However, by maintaining neutral pH condition using limestone, pH in the unvegetated wetland gradually increased which followed by high zinc removal, revealing a good correlation of zinc removal with pH. It was obvious that zinc removal in vegetated wetland was lower than that in unvegetated. Despite presence of limestone, the removal of zinc decreased when temperature decreased. Adsorption experiments in batch and continuous system proved the effect of temparure and pH on zinc removal observed in aerobic wetland mesocosm. The result of speciation of zinc by sequential extraction suggested that zinc removed in aerobic wetland mesocosm was mainly consisted of exchangeable form. It was considered that because oxygen supplied from roots caused pH decline, the fraction of exchangeable form in vegetated wetland as well as amont of zinc removed was lowed compared with unvegetated wetland.
INTRODUCTION
The treatment of low heavy metal concentrations before discharge to the environment has become a big concern in Japan, especially zinc, which has a new environmental standard set to be 30ȝg/l for aquatic organisms for the first time in 2003. In light of the situation above, the development of technology to treat low concentrations of heavy metals released from abandoned mine sites is of great importance. Many current technologies have been used to treat waste water from mine sites and one of the most common methods is the use of alkaline neutralization. However, this method is considered costly and produces large amounts of chemical sludge, which needs further treatment 1) . The use of constructed wetlands offers many advantages such as low costs, low maintenance and self-sustainability for treatment of contaminated water from abandoned mine sites. From previous studies, successful treatment of acid mine drainage requires not only the consideration of anaerobic wetland process but also aerobic 2) . Mine drainage is generally from sulfide minerals, and mostly present in the form of heavy metal sulfates. Since organic carbon source is usually poor in mine drainage 3) , the activity of sulfate reducing bacteria (SRB) is low. Furthermore, in constructed wetlands where sand media is used as substrate, a high dissoluble oxygen concentration leads to a high redox potential (Eh), and the condition is difficult to be anaerobic. Previous research concerning heavy metal removal from acid mine drainage has mostly been conducted using anaerobic wetland systems, which is advantageous to control elevation of pH required for heavy metal removal. On the other hand, the effect of pH elevation in aerobic wetland system on the zinc removal has been poorly understood. Since mine water is generally poor in organic matter, the wetland system tends to be aerobic unless organic carbon source such as compost is added 4) . Therefore, the research concerning behavior of heavy metal in aerobic wetland system is of necessary. In this study, the effect of physicochemical conditions to the removal of zinc from mine water in the aerobic wetland system was evaluated. Although the accumulation of heavy metals by wetland plant, Phragmites australis was known 5), 6) , that of aerobic condition has not been studied yet. Thus the effect of presence of the vegetation on behavior of zinc in aerobic wetland was also investigated.
MATERIAL AND METHODS (1) Mine water
The mine water was obtained from mine drainage in Kurihara city, Miyagi prefecture, Japan. The compositions of water consist of Zn 2.1 0.6mg/L, SO 4 2-50mg/L and dissoluble Fe <0.1 mg/L. The pH value of the water was 7.0 0.3, and Eh value was 500-600mV.
(2) Aerobic wetland mesocosm Two set of subsurface flow constructed wetland mesocosms were prepared as shown in Fig.1 . The dimension of each mesocosm was 83cm in height and 45cm in diameter, and it was filled with sand as the upper layer (40cm) and non-calcareous gravel as the bottom layer (15cm). One of the mesocosm was vegetated with reed (Phragmites australis) and the other was unvegetated. Reeds were taken from the nearby river. And three rhizomes of the reeds were transplanted in the surface of sand layer in wetland mesocosm. The aerobic wetland mesocosm was fed with mine water with a controlled flow rate of 0.02L/cm 2 
(3) Adsorption experiment in batch system
The effect of pH and temperature on zinc adsorption on sand media was investigated in reference to an experiment method of Goulet and Pick 7) . The 50mL of mine water was allowed to contact with sand media in glass bottles which were shaken for 1h. The adsorption of zinc was compared at three different pH conditions and temperatures.
(4) Adsorption experiment in continuous system
To evaluate the effect of temperature and pH elevation under continuous system, the adsorption experiment using column system was conducted at three different temperatures. The column system fed with mine water was operated in a controlled flow rate of 0.03L/cm 2 /d for 3 months. The dimension of each column was 50cm in height and 5cm in diameter. Some of the column systems were filled with sand as the upper layer (25cm) and gravel as the bottom layer (5cm). Other columns consisted of limestone as the upper layer (15cm), sand as the middle layer (10cm) and gravel as the bottom layer (5cm).
(5) Sequential extraction of zinc An analytical procedure involving sequential chemical extractions of heavy metals in sediments was described in details by Tessier 8) . In this study, a procedure of Pèrez-Lòpez 9) was modified for 
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speciation of zinc removed by adsorption in batch system and aerobic wetland microcosm. The sequential extraction procedure used in this study was shown in Table 1 . According to Pèrez-Lòpez, Fraction 1 consists of exchangeable metals and those soluble in water or in slightly acidic conditions. It is the fraction with the most labile bond to the sediments. Fractions 2 are excellent scavengers for trace metals, and are thermodynamically unstable under anoxic conditions (i.e. low Eh). Fraction 3 is made up with metals bound to sulphides and organic matter, which may be released under oxidizing conditions. Finally, fraction 4 corresponds to those metals strongly associated with crystalline structures of minerals, which are therefore unlikely to be released.
For aerobic wetland mesocosm, sample for sequential extraction was collected using core sampler. Sand layer of 5cm and 30cm from surface of vegetated and unvegetated wetland mesocosm was sampled. All extractions, except the final digestion using microwave decomposer, were achieved by centrifuging at 3000 g for 20min. The supernatant was removed with a pipet and analyzed for zinc concentration by ICP analyzer.
RESULTS AND DISCUSSION
(1) Aerobic wetland mesocosm Highest plant height and number of stems of reeds in vegetated wetland mesocosm was 88cm and 252 stems /m 2 in the first year, 88cm and 277 stems / m 2 in the second year. Because organic carbon sources in mine water was poor, the growth of reeds was not so much good, and then, the difference of volumes in influent and effluent was showed no significant. Thus It was estimated the effects of absorption and transpiration by planting is small enough to be ignored. The relationship between pH and the removal of zinc from mine water by aerobic wetland systems with and without vegetation were presented in Table 2 and Fig. 2 . The pH value had decreased from September to November 2006, and the removal efficiency of zinc was sharply decreased from 92% to 52% in unvegetated wetland mesocosm and from 95% to 39% in vegetated wetland mesocosm, respectively. This result suggests that pH has a significant influence on the removal of zinc in aerobic wetland. It was estimated pH decrease has occurred inorganic salts and organic matter in the rhizosphere was oxidized by oxygen to be supplied to the rhizosphere. To elucidate those phenomenons, a limestone was added to unvegetated wetland mesocosm in August 2007 to maintain the pH condition neutral. As a result, pH in the unvegetated system gradually increased which followed by high zinc removal, revealing a good correlation of zinc Table 1 Sequential extraction procedure used for speciation of metals.
Step removal with pH. In the vegetated mesocosm where limestone was not added, the removal performance of zinc also increased from July to August. This was probably due to the effect of temperature, which was high during that time. The water temperature in the wetland mesocosm dropped 2.5 o C on December and the removal performance of zinc dropped 39.2% and -21 % in the unvegetated and vegetated mesocosm, respectively. Figure 3 10) that Juncus effuse, a wetland plant, could uptake only 0.03-0.3% of zinc to its body. In addition, pH in vegetated wetland mesocosm was lower than that in mine water due to oxygen supply from roots. Therefore, in aerobic wetland, the removal mechanism of zinc could attribute mainly to non-biological reaction. Similar result was reported by Eger 4) in which the removal of ferrous iron in aerobic wetlands occurred through a variety of reactions including adsorption, chelation and ion exchange. Thus, it was not conducted analysis of the zinc content of the plant in this experiment. reaction in aerobic wetland mesocosm, the influences of temperature and pH on zinc adsorption on sand were investigated. Figure 3 illustrated results of the adsorption of zinc on sand under different temperature and pH. In the presence of CaCO 3 , the removal of zinc became remarkably high as temperature increased (Fig.4a) . In the absence of CaCO 3 , zinc removal was, however, not affected by temperature. The higher amount of CaCO 3 added, the higher removal of zinc was observed. It can be explained that under higher temperature, CaCO 3 would be easier to dissolve, resulting in higher pH and zinc removal. As pH was increased from 6.5 to 8.3, the removal of zinc increased from 52 to 85% (Fig.4b) . Since Nuttall 11) reported a greater concentration of carbonate bound zinc species exists at pH 8.2, a good favorable condition for physicochemical adsorption is created. The adsorption experiment at pH higher than 8.5 was not conducted due to the fact that the pH of effluent for wastewater standard is 5. 8-8.6 12) . Furthermore, the removal of zinc using hydroxide precipitation occurs in the moderately alkaline pH range, and zinc hydroxide becomes dissoluble at pH 9 13) .
(3) Adsorption experiment in continuous system
To simulate the removal of zinc in actual constructed wetland, the adsorption of zinc in continuous feed system was investigated using sand filter with and without limestone, which is used as alternative material to CaCO 3 . The effect of temperature on zinc removal in continuous system of sand filter is illustrated in Fig. 5a . Differently from the results obtained in batch system, the temperature affected the removal performance of zinc even without limestone. The zinc removal under low temperature (5 o C) started to drop drastically when the cumulative load of zinc reached 10mg. Under high temperature (32 o C), the decline of zinc removal was a little and removal efficiency of 75% remained even after cumulative load of zinc reached 50mg. Alternative effect of limestone was also tested and the result is presented in Fig. 5b . It is obvious that limestone enhanced the zinc removal, resulted in a very high zinc removal efficiency of 99.7% at high 
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temperature (34 o C) even after cumulative load of zinc reached 50mg. From these results, it can be concluded that both temperature and presence of limestone affect the removal of zinc in aerobic constructed wetland. This consistent with the result obtained in aerobic wetland mesocosm (Fig.1 ) in where high pH and temperature imposed high removal of zinc.
(4) Speciation of zinc removed by adsorption in batch system and aerobic wetland mesocosm As shown in Table 3 , pH increased in accordance with amount of CaCO 3 in batch experiment. It was clear that the form of zinc removed in batch system was mainly consisted in exchangeable form. This fraction was easily mobile in response to variable environmental conditions, such as pH, Eh, temperature 14) , while residual form associated crystalline structure is unlikely to be released. The result of adsorption experiment in batch system revealed that exchangeable form of zinc tended to increase with pH until 7.1 while residual form increased at pH 7.8. Thus maintenance of higher pH is desired in aerobic constructed wetland. The fractional concentration of zinc removed in vegetated and unvegetated wetland mesocosm is shown in Table 4 . Amount of zinc removed in unvegated wetland mesocosm was much higher at upper layer compared with that of middle layer. Exchange form was dominant in upper layer while that fraction declined at middle layer. The result of upper layer was similar with that of adsorption experiment in batch system. On the other hand, the fraction of exchangeable form in vegetaed wetland mesocosm was much smaller as well as amount of zinc removed compared with unvegated wetland. Since zinc fraction of oxidizable form in upper layer in vegetated wetland was higher than that in unvegetated, it was considered that oxidizable form was bound to organic matter from root of reed. This fraction may be released under oxidizing conditions. Thus presence of vegetation is not favorable in aerobic constructed wetland. Nevertheless, the zinc removal mechanism in aerobic constructed wetland is mainly adsorption which may be easy to control if any sufficient adsorption materials there.
CONCLUSION
This study highlighted the effects of pH, temperature, vegetation on the removal of zinc from mine water in aerobic wetland mesocosm. The removal efficiency of zinc was greatly affected by pH. By maintaining pH neutral condition using limestone, high zinc removal efficiency could last longer in unvegetated wetland mesocosm. In adsorption experiment in batch system, as pH was increased from 6.5 to 8.3, the removal of zinc increased from 52 to 85%. The temperature also affected on the removal efficiency of zinc. In continuous adsorption experiment, zinc removal efficiency was decreased rapidly in low temperature condition (5 o C ) at 10mg of cumulative load of zinc. On the other hand, in high III_96 temperature (32 o C ), there was maintained a zinc removal efficiency of 75% even when cumulative load of zinc was reached the 50mg. In addition, it was found that zinc removal efficiency was obtained 99.7% due to add limestone in high temperature condition (34 o C), even when cumulative load of zinc was reached the 50mg. As temperature decreased, the removal of zinc also decreased despite presence of limestone in the continuous system.
It is obvious that zinc removal in vegetated wetland mesocosm was lower than that in unvegetated. In November 2006, the removal efficiency of zinc was decreased 52% in unvegetated wetland mesocosm and 39% in vegetated wetland mesocosm, respectively. The result of speciation of zinc removed by aerobic wetland mesocosm that oxygen supply from roots decrease the fraction of exchangeable form as well as amount of zinc removed compared to unvegated wetland. Presence of vegetation is not favorable in aerobic constructed wetland. These results demonstrate the importance of environmental condition swaying adsorption of zinc in aerobic constructed wetland.
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